The atmospheric deposition of nitrate and ammonia species has been identified as a major factor in the decline of water quality in the Chesapeake Bay. Recent reports have indicated that atmospheric deposition may account for 25 to 80% of the total nitrogen load entering the Bay. However, many uncertainties exist regarding the accuracy of these estimates including the accuracy of the atmospheric deposition inputs, nitrogen retention coefficients, and in-stream nutrient uptake rates that were used in these reports. This project is designed to reassess the impact of atmospheric nitrogen deposition through the use of a high-resolution wet deposition model, improved dry deposition and nutrient retention estimates, existing soils and land use data, and Arc View and ARC/ INFO software. Preliminary results indicate that the method describe below is a relatively simple way to arrive at accurate seasonal estimates of the contribution of atmospherically deposited nutrients on the Chesapeake Bay watershed and perhaps other watershed / estuary systems.
Introduction
The Chesapeake Bay is one of the largest, most productive estuaries in the world. Unfortunately, the water quality of the Bay has been deteriorating since the time of the Industrial Revolution (Fisher et al., 1988) . Increased nitrogen loading and the resulting eutrophication have been identified as major factors in this decline. Atmospheric deposition, one of several major sources of nitrogen in the Chesapeake Bay watershed, is of particular interest since recent studies have indicated that atmospheric deposition may account for as much as 25-80% of the total nitrogen entering the Bay (Fisher et al., 1988; Tyler 1988; Hinga et al., 1991; Fisher and Oppenheimer, 1991; Boynton et al., 1995; Jaworski et al., 1997) . However, uncertainties regarding the accuracy of the atmospheric deposition inputs, nitrogen retention coefficients, and in-stream nutrient uptake rates have been raised in a number of assessment reports.
This research project has been designed to address many of the uncertainties associated with the fate of nitrogen deposition to terrestrial and aquatic surfaces within the Chesapeake Bay watershed. Using geographic information systems, land use, soil hydrologic group, and drainage basin grids of the Chesapeake Watershed were assembled. An interpolated surface illustrating nitrogen export potential was created using these grids and nitrogen export coefficients found in the literature. Wet and dry deposition loads to each of the divisions of the Chesapeake Watershed were estimated on a seasonal basis from 1985 through 1996. The estimated nitrogen retention coefficients were applied to the deposition loading estimates to obtain the amount of nitrogen exported from each of the selected sub-basins. Seasonally adjusted, distance weighted in-stream nitrogen utilization rates were developed to estimate the amount of exported nitrogen that reaches the Chesapeake Bay. Stream export data compiled by Langland et al. (1998) and partitioning coefficients determined by Nizeyimana et al. (1997) were used to estimate watershed nitrogen retention coefficients for each of the sub-basins. Where possible, estimates of nitrogen export based on model calculations were compared to existing stream discharge-concentration measurements.
Methods

Improving Estimates of Wet Deposition to the Chesapeake Bay Watershed
In order to improve the accuracy and spatial resolution of wet deposition estimates in the Northeastern and Mid-Atlantic regions of the United States, Dr. James Lynch and Jeffrey Grimm developed a model that utilizes precipitation volume measurements (a major determinant in wet deposition estimates) from NOAA/NWS monitoring sites as well as other regional networks (e.g. USGS), digital elevation data, and other topographic variables (e.g. aspect, slope) that affect the amount and distribution of precipitation in the region. Using this model, precipitation can be estimated for any latitude and longitude within the region for any month or seasonal summary period from 1985 through 1996. When combined with interpolated precipitation concentration data from the National Atmospheric Deposition Program (NADP), wet deposition estimates can be obtained for any latitude and longitude. Using the precipitation model and concentration data from NADP sites within the region, wet nitrate and ammonium depositions were estimated to the eightdigit hydrologic unit code watersheds that comprise the Chesapeake Bay watershed on a seasonal basis (Dec.-Feb., Mar.-May, June-Aug., Sept.-Nov.) from 1985 through 1996. A six-second digital elevation database (approximately 200-meter square grid cell) was used in the enhanced precipitation model. Mean seasonal, volume-weighted nitrate and ammonium concentrations from approximately 31 NADP monitoring sites located in and around the Chesapeake Bay watershed were used to estimate concentration variability across the watershed. By combining the enhanced precipitation volume estimates from the model with interpolated concentration estimates, a wet nitrate and ammonium deposition grid was created for the Chesapeake watershed for each season from 1985 through 1996. These grid cells were then combined to represent wet deposition to each sub-basin within the Chesapeake Bay watershed (figure 1). 
Improving Estimates of Dry Deposition to the Chesapeake Watershed
To estimate dry deposition loading to the Chesapeake watershed, dry deposition was assumed to be a percentage of wet deposition. However, unlike previous studies in which the ratio was assumed to be a fixed 100%, the wet/dry ratio was based on measured wet and dry depositions at eleven CASTNet monitoring sites located within or on the periphery of the Chesapeake Bay watershed. Since the amount of dry deposition received at a given point is a function of land cover, wet/dry deposition ratios applied to the watershed were adjusted to reflect differences in land cover across each the sub-basins. A multiple resolution land cover satellite image was obtained from the Eros Data Center. The land cover categories were reclassified as forest, cropland/pasture, high-density developed, low density developed, barren, wetlands, and surface water. Wet nitrogen (ammonium plus nitrate) deposition to each of these land cover classes within each basin was calculated using the precipitation model discussed above. For land cover classes at which CASTNet sites exist, dry deposition was estimated using a ratio of wet/dry deposition measurements taken at the CASTNet sites (US EPA, 1995). For land cover classes at which no CASTNet data were available, the ratio of wet/dry deposition was assumed to be 1:1. The estimated wet and dry depositions to each land cover within a basin were summed to determine total nitrate and ammonium deposition to each subbasin.
Improving Estimates of Watershed Retention/Export of Nitrogen Deposition to the Chesapeake Bay
The amount of nitrogen exported from a specified land cover type is highly variable. This variability can be attributed to other physical basin characteristics including the slope, underlying geology, and soil type. To account for the variability found in these features, a nitrogen export potential grid was created using ARC/INFO software. Land cover and soil hydrologic group (which accounts for slope, geology, soil type, and permeability) grids were assembled, then used to create a nitrogen export grid. This was accomplished by assigning all pixel combinations a unique nitrogen retention coefficient (i.e. all pixels representing planted / cultivated lands and a soil hydrologic group with a classification of D were designated as having high nitrogen export potential). Soil hydrologic group and land use were selected for use in the development of the nitrogen retention grid because both data sets have been used in many previous reports and have been shown to be influential factors in the export and transport of nutrients in natural environments. A description of each soil hydrologic group is given below (Table 1) . Table 1 . A description of the soil hydrologic group classifications, as given by USGS (1995).
1 No polygons exist within the current area of analysis that contain a majority of land classified as soil hydrologic group A. Therefore, group A is not included in any of the following figures, tables or analysis.
The coefficients assigned to each combination of land cover and soil hydrologic group were obtained from the literature. Annual nitrogen export and retention percentages were obtained from Nizeyimana et al. (1997) and Mitsch (1993) . These annual percentages were then adjusted to reflect seasonal values by examining stream nitrogen export data provided by Langland et al. (1995) . The sorting and analysis of this data set indicate that the seasonal contributions to annual in-stream nitrogen export are 31%, 39%, 13%, and 17% for winter, spring, summer, and fall respectively. Table 2 . Partitioning coefficients (%) for nitrogen losses to surface water.
1 Annual partitioning coefficients obtained from Nizeyimana et al. (1997) . 2 Annual partitioning coefficients obtained from Mitsch and Gosselink (1993) .
Once export loads from each sub-basin were determined, the amount of nitrogen reaching the Bay was estimated using a distance weighted algorithm (i.e. in-stream uptake of nitrogen will decrease the amount of nitrogen exported from a sub-basin that will reach the Chesapeake Bay). In-stream distances from each sub-basin to the Chesapeake Bay were determined using the Enhanced River Reach File 1.2, developed by the USGS (1999).
Verification of Export Estimates from Selected Sub-basins within the Chesapeake Bay Watershed
By dividing the large river watersheds into many sub-basins with specific land cover classifications, export estimates and watershed retention percentages were verified where possible. The stream discharge/concentration data used to verify the estimates were collected from gauged watersheds within the Chesapeake Bay region. A long-term data set including 84 watersheds within the Chesapeake Bay, compiled by Langland et al. (1998) , the EPA LTER sites in Pennsylvania, the Leading ridge Experimental Watersheds in Huntingdon County, PA and the ARS watersheds in south central Pennsylvania were used to verify export estimates. The measured amount of nitrogen exported from these watersheds was compared to the export predictions generated using the watershed nitrogen retention layer and atmospheric deposition inputs.
Results and Discussion
Preliminary model estimates indicate that: (1) atmospheric deposition is a significant source of nitrogen contributing to the eutrophication of the Chesapeake Bay; (2) significant seasonal and annual differences in atmospheric nitrogen loading exist that may influence eutrophication processes in the Chesapeake Bay; (3) significant seasonal differences in in-stream nitrogen concentrations exist that may affect eutrophication and tributary management strategies aimed at reducing nitrogen loading to the Bay. These results can be useful in designing future watershed management strategies. First, if the contribution of atmospheric nitrogen deposition is less than previously estimated, further emphasis needs to be placed on more accurate identification of the relative contribution of other non-point nutrient sources. In addition, the effects of different methods at reducing the non-point source nitrogen loads need to be investigated. Final analysis will be completed prior to the time of presentation.
Recommendations for Future Research
While the method discussed above does yield accurate results, other steps should be taken to investigate the contribution of atmospherically deposited nutrients and pollutants to aquatic resources. As GIS and remote sensing technology advances, the availability, and quality of spatial data will continue to improve. Several suggestions for future investigation include:
1. Investigate the feasibility of modeling nutrient transport on a monthly, weekly, or precipitation event basis. To do this, temperature data and precipitation intensity would need to be incorporated into the model. 2. Investigate the effect of stream channel proximity on nutrient modeling. This could easily be accomplished with the creation of a highly detailed stream map of the study area. 3. Investigate the change in the wet/dry deposition ratio as a function of the amount of time between precipitation events.
